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ABSTRACT
The objective of this thesis was to develop a laser metrology system in order to measure the
movement in two of the rotation axes of a cylindrical flexure. The building and characterization
of this system was achieved in an effort to measure cylindrical flexures such that rules for
modeling them might be developed. The system developed measures translations of the flexure
normal to the circular surface of the cylinder as well as rotations about the axes within this plane.
While numerous metrology systems capable of achieving these functionalities exist, this system
has inherent benefits in cost, range, and resolution. Using three lasers reflected off of mirrors
mounted on a cylindrical flexure and captured by photodiodes, we are able to characterize
micro-scale movements of the system with a resolution of 134 pm and a range of 5.04cm of
translation.
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1. Introduction
The objective of this thesis was to develop a laser metrology system in order to measure the
movement in two of the rotation axes of a cylindrical flexure. The building and characterization
of this system was achieved in an effort to measure cylindrical flexures such that rules for
modeling them might be developed, though it can be used to measure other moving parts that
require high precision. The system developed measures translations of the flexure normal to the
circular surface of the cylinder as well as rotations about the axes within this plane. While
numerous metrology systems capable of achieving these functionalities exist, this system has
inherent benefits in cost, range, and resolution. -Using three lasers reflected off of mirrors
mounted on a cylindrical flexure and captured by photodiodes, we are able to characterize
micro-scale movements of the system with a resolution of 134 pm and a range of 5.04cm of
translation, with a system noise of 90 mV. Both the lasers and photodiodes are housed in
flexure stands, enabling precise calibration of the laser on the surface of the photodiode. Shown
in this paper are geometric, electrical, and mechanical characteristics of this system.
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Figure 1-1: An example of the setup of the final metrology system.
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1.1 Background
It is important to characterize precision systems such as these because of their use in
measuring the performance of flexure systems. We want to be able to use this system to take
measurements in multiple degrees of freedom so we can know how the cylindrical flexure will
respond given a certain input. Aside from demonstrating their capabilities, this data is useful in
the optimization of flexure systems as well as identifying areas of error or problems in
manufacturing or performance. Quantifying these things enables us to test new ideas and
solutions. In order to characterize flexure systems such as cylindrical flexures, it is important for
our metrology system to have an appropriate range and resolution. In this case, it is ideal to
have a high resolution-on a micro-scale-and a fairly large range-on the order of several
centimeters.
1.1.1 Metrology Systems
There are numerous metrology systems of various sizes and applications in existence, which
are briefly covered in the paragraphs below. For this project we have chosen to expand on a
method implemented by Ryan King that uses lasers aimed at mirrors positioned on the flexure
reflected onto quadrant photodiodes [1]. This method was chosen for its advantages in cost,
range, and resolution over existing measurement systems, which include:
1.1.1.1 Laser Interferometers
This is one form of six-axis metrology system that provides accurate measurements by
interfering two beams of light and observing changes in their interference pattern. By
reflecting a measurement beam off of a reflecting surface on the target, the relative phase of
the measurement beam and a static reference beam changes. Changes in relative phase of
the two beams result in constructive or destructive interference that can be detected by changes
in the fringe pattern of the recombined beam. While basic interferometers have a measurement
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resolution of around 0.32 pm, improvements in resolution can be achieved through multiple
passes that increase the optical path length and amplify the displacement of the target mirror,
as well as through interpolation of the fringe patterns and through use of the beat frequency
generated by recombining beams with different frequencies. However, these measures can be
costly and hard to fit into small spaces. This is because each measurement axis requires a
separate interferometer and receiver, as well as the amount of expensive components involved
in measuring multiple axes at a desired resolution.
1.1.1.2 Coordinate Measuring Machine
A CMM is a machine that moves a touch probe in three orthogonal directions to measure size,
position, or displacement in 3-dimensional space. Mostly intended for comparing fabricated
parts to their theoretical designs, CMM's are often fairly large in size, taking up the space of a
large granite table with guide rails and a bridge on with the head of the machine is mounted.
While this method of measurement is versatile, it is ill-suited to taking measurements of a
dynamic and relatively small system such as ours.
1.1.1.3 Capacitance Probes
This method of measurement involves using capacitors mounting a probe near or on the surface
of a part and measuring the capacitance between the two surfaces, characterized by C = ,
where E is the dielectric constant of the medium between the two surfaces. While this method is
relatively inexpensive and can be integrated into smaller systems, its largest drawback is the
limited range. Because they must be mounted for capacitance, generally anything over 100 pm
is outside the range. In measuring CF's, we hope to achieve a range of at least 1 mm.
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1.1.1.4 Linear Variable Differential Transformers
LVDT's measure linear displacement using a transformer that consists of three solenoidal coils
surrounding a ferromagnetic core. The center coil is driven by an alternating current, and the
core is attached to the part that one is measuring. As the core is slid along the axis of a tube by
the moving part it is attached to, it induces a voltage in either of the secondary coils as it passes
through it. This voltage is proportional to the length of the core that has passed through the
secondary coil, as characterized by the Maxwell-Faraday equation. While LVDT's can be
arranged such that they could measure multiple axes, using multiple transformers for this
purpose can get relatively expensive.
Though various systems for linear and rotational motion measuring exist, our system holds
inherent advantages for our purposes.
TABLE 1-1: A cost-performance chart of different metrology systems.
Highest Price ($1000's) Range Size
Resolution
Available (nm)
Interferometer 1 10-100 1 m 1 x 1 m atop optical table
CMM 100 100-200 1 M3 2x2x2 m machine
w/granite table
Capacitance 10 1-10 per probe 100 pm 1 cm length cylinder w/
Probes 0.5 cm diameter
LVDT's 50 0.1-10 0.5 m 0.55 m length cylinder w/
1_ _ 2 cm diameter
1.1.2 Cylindrical Flexures
A cylindrical flexure (CF) is defined as a flexure with one finite radius of curvature, loaded
normal to the plane of curvature. CFs are currently being explored for their potential advantages
in geometry, compatibility, and manufacturability to those of existing straight-beam flexure
systems. However, up to this point a working model for rules on their elemental analysis and
system creation has not been developed. CFs pose a challenge because their mechanics differ
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from those of straight-beams. In this paper we are measuring the displacement of a cylindrical
flexure given its geometry and material. By measuring the tip and tilt of the flexure in two
directions as well as in the direction normal to the plane of curvature, we hope to gain more
information about the behavior of cylindrical flexure systems. [2]
Because of their radially symmetric geometry, CF's can be useful for applications such as
bearing devices involved in the detection -of gaseous plumes. Other applications for CFs are
optical systems, laparoscopic tools, and various rotating applications where it is useful to have
cylindrical geometry.
Figure 1-2: An example ot a cylinanca tiexure system (iett) ana an t-t:A solla moaei ot a
cylindrical flexure system (right). [2].
Figure 1-3: Diagrams of a loaded cylindrical flexure. It is evident that not only does one see a
translation and a rotation as with normal flexures, but a third rotation must be factored in as well.
[2]
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2. Single-Axis Design of Measurement System
2.1 Signal Layout
Below is a diagram of the signal transfer through the metrology system. The single-axis
implementation of the metrology system consists of a laser diode aimed horizontally at a mirror
mounted at an angle on the stage of the CF. The laser is reflected off of the mirror at an angle
equal to the incident angle between the laser and the vector normal to the plane of the mirror.
This information is useful because movement of the stage on the cylindrical flexure will result
either in an increased/decreased laser path or a change in incident angle, depending on the
nature of the flexure movement. The reflected laser then is captured by a quadrant photodiode,
which outputs up to four currents that are converted to voltage by running them across resistors
connected to ground. These outputs are then amplified, and finally compiled and viewed in
MATLAB and LabVIEW.
The output of any single quadrant of the photodiode is proportional to the intensity of light on its
surface. Therefore, any translation of the laser across the four quadrants of the photodiode (due
to movement of the stage) will result in a change in voltage, which we can calculate based on
initial conditions and the relationship between the incident angle, mirror angle, and distance
between the components.
16
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Figure 2-1: Diagram of signal transfer from power supply through to LabVIEW installed on Data
Acquisition Computer.
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2.2 Components
The data sheets and images of the laser and photodiode are attached in Appendix A. The rest
can be found at the websites listed in the references.
2.2.1 Laser
The laser diode is a model M65051 from US Lasers. It projects a red laser light with a
wavelength of 650 nm through an adjustable focus lens. The beam has a power output of 5
mW over either a concentrated point or a more diffuse line. For the purpose of these
measurements, the laser was made a line so that more of it could be captured by the sensor's
four quadrants. The laser casing is 10.65 mm in diameter.
2.2.2 Quadrant Photodiode
This model QP5.8-6-TO5 quadrant photodiode from Pacific Silicon Sensor has four quadrant
sensors which, as shown in the image below, each output a current proportional to the light
intensity on their surface. Operated at a reverse operating voltage of 10 V, for light with a
wavelength of 633 nm, these photodiodes have a responsivity of 0.4 A/W. The sum of the
widths of two photodiode quadrants is 2.60 mm.
Each quadrant, separated from the next by a 50pm gap, outputs a current, but in order to detect
a voltage reading we run the output across a 2 kQ resistor that is connected to ground. After
these outputs are amplified, they are differenced and normalized in order to find a quantity that
equates to a voltage increase for translations in the x and y directions. A diagram of this signal
processing is shown below. The quadrants of the photodiode are numbered 1-4 going
counterclockwise, facing the photodiode sensor side.
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Oquadrant .....
photodiode I-+V differential summing
Figure 2-2: A diagram in which each output of the quadrant photodiode is converted to a
voltage and amplified and differences are summed and averaged in order to find a voltage
equivalent to translation in the x and y directions. [3]
If the quadrants are numbered as in Fig. 2-2, the equations for this manipulation of voltage
signals are as follows:
(V1 - V4) + (V2 - V3) (2.2a)V (V11+ V2 + V3 + V4)
- (V1 - V2) + (V4 - V3) (2.2b)
V (V1 + V2 + V3 + V4)
The output level of the laser diode fluctuates and different amounts of light hits the inactive gap
between sensors, so the voltages are normalized by dividing them by the total amount of
incident light.
2.2.3 Voltage Regulator
LM317 3-terminal positive adjustable regulator chips are used to regulate the voltage supply to
the laser and the photodiode. Below is a circuit diagram of the voltage regulator, which takes a
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DC input voltage and outputs a voltage anywhere from 1.2 to 37 V (based on the resistor values)
at a current of 1.5 A. It should be noted that rather than having an adjustable current and
voltage with a potentiometer, constant voltages of roughly 3 V for the laser and 10 V for the
photodiode are output from the LM317 chip using fixed resistor values of RL= 150 Q and R2 =
210 Q for the laser and R1P= 2 kQ and R2 = 14 kQ for the photodiode. These values were
determined using the equation beneath the diagram below.
v, LM317 v0 Output
In(put Vadi
Ci R1 mb Co0
0. 1pF ladi 1pF
7 ~R2 di
Vo= 1.25V (1+ R 2/ R1)+Iadj R2
Figure 2-3: Diagram of the voltage regulator circuit used to supply constant voltage to the laser
and each quadrant of the photodiode [4]
2.2.4 Operational Amplifier
In order to amplify the output voltage of the quadrant photodiode, a non-inverting op-amp circuit
with a gain of 3 is used for each quadrant. In the final design, a quadrille op-amp chip is used for
each photodiode, and each of the quadrant outputs is amplified. The gain is achieved with fixed
resistor values of R3= 100 kQ and R4= 200 kW, for each op-amp circuit. Below are diagrams of
the individual non-inverting op-amp circuit and the layout of the op-amps within the LM324
quadrille chip.
20
Vin
out
Figure 2-4: Diagram of non-inverting operational amplifier circuit. [5]
OUTPUT4 INPUT4- INPUT4* GND
Figure 2-5: Layout of operational amplifiers within LM324 chip. [6]
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3. Calibration of Measurement System
3.1 Calibration Setup
In order to find the range and resolution of our system in pm and pradians, a calibration
constant relating voltage to pm of translation across the surface of the photodiode must be
found. In order to find this constant, a separate setup in which the laser was aimed directly at
the photodiode (normal to the surface) is constructed. In this setup, the laser and photodiode
are placed in simple stands cut out of 6.35 mm (.25 in) acrylic. The photodiode stand is attached
directly to the table, while the laser stand is attached to the top of a stage that is actuated by a
micrometer. By using the micrometer to translate the laser stand (and thus the laser) in the
plane parallel to the photodiode at regular, discrete intervals, as well as recording the
differences in output voltages from each quadrant, we can empirically determine the conversion
factor.
One challenge of this setup was the imprecision of the stands in being able to aim the laser at a
consistent spot on the photodiode. Because of the inability to adjust the direction of the laser
and position of the photodiode in multiple axes on a finer scale, the repeatability of the
experiment with this element of control proved challenging. This problem is addressed later in
the design of more robust flexure stands for the photodiode and laser, which were used for
recalibration of the system.
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Figure 3-1: A picture of the original single-axis setup. The laser sits on a stage which is
actuated by a micrometer.
3.2 Lab VIEW Program
The program written in LabVIEW consists of four signals taken from a Data Acquisition manager
at a sampling rate of 1 kHz and a buffer size of 10k samples. These four signals are then
differenced, summed, and normalized according to the equations 2.2a and 2.2b above, which
produces two normalized voltages, V, and V. Next, these signals are run through a Butterworth
low-pass noise filter with a sampling rate of 1 kHz and a cutoff frequency of 10 Hz. Finally, the
signals are output to graphs as well as written to spreadsheet files (along with the raw data as
well) with a '.lvm' extension. These files are then imported into MATLAB using a file called
'lvmjimport.m' which can be obtained from The MATLAB Central File Exchange [7]. The block
diagram can be found in the Appendix.
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3.3 System Noise
When the laser was aimed directly at the center of the diode, the noise of the system was
recorded to be roughly 90 mV peak-to-peak. In order to determine the limit of our system's
resolution, we had to determine whether this noise was actually from the photodiode sensor or
being dominated by some other factor such as mechanical noise, ambient light, etc. This 90 mV
of noise came from the system which had the analog gain of 3, so an experiment was
performed to see if this was analog noise or digital noise. To check, a source of noise was taken
from the Data Acquisition (DAQ) device alone, with all of the channels grounded. This device is
a NI 9215 Analog Input Module, with 4 input channels. If the noise from the DAQ were much
less than 90 mV, we would know that the noise were analog and being amplified by our op-amp
circuit. To measure the noise of this device we connected to ground all the channels on the
device that we were taking data from, and recorded the resulting summed and normalized
signal. The resultant plot is shown below:
Noise from DAQ
035
03 
-
0.25
a,
o 0 2.
> X: 1.2Be 004
0 15.
0
z 0.1
0.05
0 0.5 I 15 2 2.5 3 35 4 4.5 6
Samples @ 1 kHz X10
Figure 3-2: A plot of the noise from the DAQ board, with a peak-to-peak voltage of near 90 mV.
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It is apparent from the plot that the noise from the DAQ was actually roughly 90 mV. This
showed us that the noise of the system is dominated by the DAQ, and is the limit of our
system's measurement capability. However, this also meant that we could increase the analog
gain of our system (within the limits of our power supply) without increasing the noise.
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3.4 Calibration Results - Photodiode Resolution
Below is a noise-filtered plot of data taken from translating the laser across the width of the
photodiode. The laser was actuated by hand in 254 pm (0.010 in) intervals.
X-direction Voltage Calibration
to
CM
0
N
E
0Z
0.5
-0
-0.5%
3
Figure 3-3:
intervals.
3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8,
Samples @ 1 kHz
5
x 104
A calibration plot, where the laser translates in the horizontal direction at 254 micron
The equation for calculating the calibration constant C is as follows:
kAAdstep (3.4a)
AVstep
where kA is the analog gain due to the amplifier, Adstep is the interval distance by which we
translated the laser, and AVtep is the change in normalized voltage due to this translation. The
change in voltage at a gain of 3 was found to be about 0.51 V, which produces a constant of
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C = 1494 pmN. From here we can calculate the pre-gain resolution of the photodiode by
multiplying this constant by the minimum noise of the system, 90 mV, giving us a resolution of
134 microns. While we can adjust the gain to give us a more readable system resolution, this is
the absolute minimum we can see with the photodiode.
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4. Multiple-axis Design of Measurement System
4.1 Flexure Stands
Properly centering the laser on the photodiode at the beginning of measurement requires two
different types of flexure systems as stands that would hold and be able to adjust the
component within it, be it the laser or the photodiode. Each flexure stand has two different
degrees of freedom, combining for a total of four degrees of freedom available for the laser
beam to center on the face of the photodiode.
4.1.1 Laser Stand
The laser's stand, an isometric model view of which is shown below, is able to rotate the casing
to a desired range of 1.5 degrees in two directions. The desired constraints required that
rotation of the casing would not exceed a third of the yield stress of the material, ay.
4.1.1.1 Design Iteration 1
A single part cut out of 6061 -T6 aluminum 38.1 mm (1.5 in) box extrusion, slots of 6.35 mm
(0.25 in) in width are cut out of each side to create a rectangular notch joint [8] in the center of
the part. The photodiode itself is housed in a hole in the center, inserted through the back.
These flexures are adjusted using two set screws each on the front and back sides of the piece.
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Figure 4-1: Solid model original single-part design of the laser stand flexure, to be machined
out of square aluminum extrusion.
As shown in the equation and diagram below, the stress in the beam in bending is a function of
the thickness of the beam. The maximum stress in the hinge is given by
Et (4.1a)Umax = 6desired
Where E is the Young's modulus of the material and edesimdis the maximum angle to
which the flexures would bend. The dimensions and material properties of the hinge are
shown as marked in the image and table below.
L
t
Figure 4-2: A profile view of a rectangular notch hinge. [8]
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TABLE 4-1: The properties of 6061 T6 Aluminum and the first design iteration of the
rectangular notch hinge. [9]
Symbol Value
Young's Modulus of E 68.9 GPa
6061 T6 Aluminum
Yield Stress of o-, 276 MPa
6061 T6 Aluminum
Desired maximum edesime 1.5 deg
deflection of beam
Characteristic ax 3.175mm (0.125 in)
length of beam
Thickness of beam T 0.508mm (0.020 in)
Maximum Stress in beam Umax 96.203 MPa
We chose not to use this design mainly because fabrication of the part with a thickness of 0.508
mm (0.020 in) that would fit the desired constraints was impractical and often inaccurate.
However, this design does fit the requirements well and would be a desirable goal in further
refinement of the system.
4.1.1.2 Design Iteration 2
In order to find a more DFM-centric design, our next design would be an assembly rather than a
one-part piece. The material chosen for the new flexure was Al 095 blue spring steel. As shown
in the model, two pieces of 0.178 mm x 6.35 mm x 25.4 mm (0.007 in x 0.25 in x 1.0 in) spring
steel are inserted and bonded into pieces of acrylic of 6.35 mm thickness. The acrylic is then
bonded to an attachment piece that can be mounted to an L-bracket or the optical table. This
design ensures that the thickness of the beam is accurate and small enough to maintain
flexibility without too much stress in the part. The model and equations for the deflection of
these flexures are shown below.
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Figure 4-3: Redesign of the laser stand flexure, with spring steel in bending, bonded to acrylic
pieces.
Figure 4-4: A profile view of the flexure found in the second design iteration, the highest
moment of which can be found at point B when in bending. [10]
The image above [10] shows a shape of the beam in bending with an angle of eB, which is the
same angle as our 6d,,,. The moment at point B can be expressed as
31
= Q4EsI 69 (4.1 b)MB = desired
where L is the length of the beam between the two pieces and /is the polar moment of inertia of
the beam [10]. Combined with the equation for stress of the beam
Mai t (4.1c)
UB~
it is apparent that this design falls within the safety factor of a third of the yield stress, as shown
in the table characterizing this flexure below.
TABLE 4-2: The properties of Al 095 Spring Steel and the second design iteration of the
rectangular notch hinge. [11]
Symbol Value
Young's Modulus of Ess 200GPa
A1095 Spring Steel
Yield Stress of -y 455MPa
Al 095 Spring Steel
Desired maximum Oied 1.5 deg
deflection of beam
Characteristic L 6.35mm (0.25 in)
length of beam
Thickness of beam T 0.1778mm (0.007 in)
Maximum Stress in beam aB 146.608MPa
4.1.2 Photodiode Flexure Stand
The photodiode's stand is able to translate it in two directions. This assembly consists of three
pieces: a ground, the flexure, and a moving stage. The ground or base piece, mounted to the
table, is a square 50.8 mm (2 in) piece of aluminum, with 6.35 mm (0.25 in) of thickness.
Mounted to this ground piece are two aluminum flexures, with 50.8 mm long flexing sections of
0.762 mm (0.030 in) in thickness in two directions. Finally, a stage housing the photodiode is
mounted to these flexures and is actuated in both directions by four set screws. The bearings
have a total of 3 mm of freedom in two directions. Again, the flexure is actuated by rotating two
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set screws relative to each other in order to achieve a desired position. To protect against
bending outside of the desired range, a stop is fixed on each inner side of the ground piece.
Figure 4-5: A solid model of the flexure stand assembly for the quadrant photodiode. There are
holes in each side of the base piece for set screws to actuate the stage, as well as larger holes
for mounting the stand to an L-bracket or an optical table.
Figure 4-6: A profile view of the flexure found in the photodiode stand flexures, the highest
moment of which can be found at point B, where there is a deflection of 6B. [10]
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M 6EI (4.1d)
MB' = T, 6B
As shown in equation 4.1d, the moment in the beam is a function of the displacement of the
stage which is free and guided at point B. This equation again combined with 4.1c gives us the
maximum stress in the beam, 91.613 MPa, given a deflection of 8B = 1.5 mm, showing that the
range of this flexure is within a safety factor of a third of the yield stress for aluminum.
Figure 4-7: An image of the assembled flexure stands.
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4.2 Angle Functions - Parameter Relations
In order to detect rotations and translations of the stage in multiple axes, the single-axis design
must be multiplied. The desired range of the system was to be able to detect tip and tilt of the
stage as well as translations normal to the plane of curvature of the CF. This design has three
degrees of freedom, so three laser-photodiode setups are required to fully capture all motions of
the system.
4.2.1 Translations of Stage
The translation of the beam across the surface occurs when either a rotation or translation of
the stage happens. Below is an image modeling of the effect of a translation of a single mirror
on the reflected laser beam. A study of a singular mirror is useful because a translation of the
stage in this manner will produce a reflection-and therefore a distance of translation across the
photodiode surface-that is the same for each mirror, given that the mirrors are mounted with
the same magnitude of angle.
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Figure 4-8: A modeling of the effect of the translation of the mirror on the reflected laser beam.
The red line represents the incident laser. The two sets of pairs of angled, black lines represent
the before and after positions of the mirror. The two yellow lines represent the before and after
positions of the reflected beam, which are always parallel when the stage translates. The
orange line represents the extra path length that the laser travels.
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As shown in King's thesis, the amplification of displacement caused by translation of the mirror
surface off of which the beam is reflected is a function of the angle of incidence between the
laser beam and the mirror surface. Because the laser has a fixed position, the angle of
incidence itself is a function of the angle with which the mirror is mounted on the stage of the
cylindrical flexure. The equation for the translation of a beam across the surface of a photodiode,
6, is given by
d (4.2a)8 = cos(20- 90)
cos(6)
Where d is the displacement of the reflecting surface and 6 is the incident angle of the beam
and the reflecting surface. As we can see above, d is equal to the extra path length that the
laser has to travel. In this setup, the lasers were positioned such that their beams are
perpendicular to the stage, so the incident angle 6 was in fact equal to the angle at which the
mirrors are mounted on the stage.
Because this angle determines the amplification of displacement of the stage-i.e. the ratio of 6
to d, it effectively determines the resolution with which we can measure translations of the stage
normal to the plane of the cylindrical flexure.
4.2.2 Rotations of Stage
Translations of the reflected beam due to rotations of the stage depend not only on the angle at
which the mirrors are mounted, but also the distance from the target to the photodiode. In order
to find this relationship, we sought out again to relate 6 to the amount of rotation, q. However, in
order to maintain a dimensionless factor of amplification or reduction just as with the
translational motion, we related 6 to y, the extra path length of the laser due to a rotation of the
stage. This extra path length is given by
y = r tan(p) (4.2b)
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where r is the radius from the point where the laser is projected onto the stage to the center of
rotation of the stage. In order to find 6 as a function of distance from the target to the photodiode,
we related q7 to the angle between the incident and reflected beams, both before and after
rotation. These angles are a1 and 02, respectively, and the functions for this relation are as
follows:
an = 20n (4.2c)
p= a2 - a, (4.2d)
Finally, we used these angles to develop a trigonometric relationship between the vertical
distance D-taken from a top view-from the photodiode to the target and the translation of the
laser, 6. This relationship is given by
6 = D (tan(a 2) - tan(a,)) (4.2e)
Now that we have 6 as a function of the incident angles and the distance from the photodiode to
the target, we can relate 6 to y in order to find the coefficient of amplification due to rotations of
the stage:
8 D (tan(a 2)- tan(a.)) D (4.2f)
- = = - (tan(a1 ) tan(a2 ) + 1)y r tan((p) r
Below is a modeling of the effect of a rotation of the stage on a single beam. We see that unlike
with translations, the reflected beams are not parallel when the stage is rotated.
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Figure 4-9: A close-up angle study of the effect of rotations of the stage on the reflected beam,
with the same labeling as Fig. 4-8. Because of the amplification of the angle with distance, the
range of rotation-and therefore the extra path length of the laser-is much smaller.
4.2.3 Mutiple-Axis Rotations
In order to differentiate tip and tilt from translations, we needed to have at least two mirrors at
angles in two different directions. This is because a rotation of the stage will result in two
differing 6s, one for each reflected beam, whereas a translation of the stage would produce the
same magnitude of 6 albeit in two different directions. The simplest case is when two mirrors
are mounted such that one is mounted at an angle to the vertical and the other at an angle to
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the horizontal. This makes one independent of tip and the other independent of tilt, because
each has at least one axis where the incident angle is 0 degrees. With this information we can
find rotations in the tip and tilt simply by using equation 4.2e above, you can use the known D
and a, and measured 6 to find a2 for each direction.
This method breaks down, however, when you want to measure combinations of the tip and tilt
of the stage. The simplest counterexample is that in which a rotation of the stage across a 45
degree angle opposite the mirrors. This would result in both beams moving inward or outward
the same distance, and would thus be indistinguishable from a translation. It is for this reason a
third mirror is needed at a different angle to indicate these combinations of rotation. The method
for finding the amount of rotation around a given axes does not change, we simply have a new
axes that we can measure, thus completing the set of axes we wanted to be able to see
rotations in.
4.2.4 Mirror Mounting
Mirrors of silicon pieces are mounted to the flexure stage using right-triangular pieces of acrylic
with angles of 14.725 degrees each. Three of these pieces are glued to the stage, one at a
horizontal angle facing left, one at a vertical angle facing downward, and one at a 45 degree
angle facing down and to the right. The mirrors were then mounted to the acrylic with glue.
These placements were chosen for reasons above. The angle of each triangle was optimized
for resolution, as shown in the section below.
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4.3 Range and Resolution
In order to find the translational range of motion of the stage, we must reduce the amplification
of the translation down to
resolution of photodiode 8 width of photodiode (4.3a)
width of photodiode d system translational range
This is because the reduction results in a change in the how much the laser moves given a
certain movement of the stage. For example, a movement of 1 micrometer of the stage would
result in even smaller movement on the surface of the photodiode. Therefore, the translational
range of the overall system does depend on the resolution with which the photodiode can
measure a translation across its surface. In order to optimize the resolution of the system, we
must find the smallest length that the photodiode can measure.
As calculated earlier, the smallest resolution that the photodiode can handle is 134 pm. Using
equation 4.3a above, we found that the total translational range of the system is 5.04 cm, and
using equation 4.2a above we found that the optimal angle at which to mount the mirrors for this
reduction is 14.725 degrees.
The rotational range of motion of the stage can be found in a similar manner to that of the
translational range: by scaling the ratio of the translation of the laser to the extra path length it
travels.
resolution of photodiode S width of photodiode (4.3b)
width of photodiode y system rotational range
So we see that the theoretical system rotational range is also 5.04 cm, which translates to +/-
33.5 degrees, given a radius r of 38.1 mm (1.5 in). However, in this case our desired range is
only around 1 degree of rotation. Using this information and the angle found for optimizing
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translational resolution, we chose to place the photodiode 50.8 mm (2 in) away from the surface
as to fit the 25.4 mm (1 in) spacing of the optical table and to capture this range of 1 degree,
though the optimal distance for capturing the range would be 58.5 mm (2.30 in).
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5. Conclusion
5.1 Overview
This paper has shown the plausibility and development of a three-axis laser metrology system,
which has inherent advantages in cost and simplicity over other metrology systems whilst
maintaining precision and range. The signal flow from the power supply through the laser and
photodiode into LabVIEW was laid out in detail, along with each component of the circuit and
the analog and digital manipulations of the signal. A calibration constant of 498 microns per volt
was found for our system, and the pre-gain resolution of the photodiode output was found to be
134 microns due to a limiting factor of 90 mV of noise from the DAQ. In order to achieve a
precise measurement of this constant, a way of acutely adjusting the direction and position of
the laser and photodiode was developed through the use of different flexures. Finally, a set of
geometric characteristics was given for the path of the laser given a translation or rotation of the
stage.
Below is a table summarizing the cost and performance of the system. Given that the system
measures movement in three axes and flexibly measures parts both statically and dynamically,
it is an economical choice in the measurement of small parts.
TABLE 5-1: A cost-performance analysis of the designed metrology system.
Resolution (pre-gain) Estimated Price Range Size
Laser System 134 pm $400.00 5.04 cm 0.5m x 0.5 m
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5.2 Future Work
This system is currently used for measuring cylindrical flexures, but could quite feasibly
measure other flexure systems with greater ranges of motion. 5 cm is quite large given such a
small resolution.
Because this amount of noise seems high, it would be beneficial to characterize the sources of
noise. Performing a Fourier transform over a noise signal and finding the resonant peaks would
help us know what types of noise are affecting the system. Ideally, we'd like to limit the noise of
the system to solely that of the photodiode, so that rather than having the resolution of the
photodiode as limited by some other element of our system, we would have the resolution as
limited by its own output.
It would also be beneficial to explore various other materials for use in the flexure stands,
especially for the photodiode stand. Given the materials available and the constraints of having
the same stiffness in both directions, it was non-trivial finding a robust and flexible design for the
flexure. Using a different material would almost certainly increase the range of motion.
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6. Appendices
Appendix A: Data Sheets
Located in this Appendix are the data sheets for the laser diode (U.S. Lasers) and photodiode
(Mouser Electronics).The laser datasheet contains information about the optical characteristics
of the laser, including the size of the aperture, wavelength. Also included are the operating
conditions of the laser. The photodiode datasheet also contains this component's typical
operating conditions and maximum ratings. Also useful in this data sheet is a curve describing
the responsivity of the photodiode given a certain wavelength of light, should one desire to
change the laser used in this system for greater responsivity. Both datasheets contain the
dimensions of each component.
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Appendix B: Technical Drawings
Below are the technical drawings for each of the flexure stands in our system, including the
original and redesign of the laser stand flexure. The drawings contain the dimensions (in mm)
and material used in the current system for each part in each assembly, as well as a
perspective drawing of each assembly, so that these stands can be reproduced or redesigned.
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Appendix C: LabVIEW Code
The following is an image capture of the LabVIEW block diagram constructed for the intake and
digital measurement of the system. This code intakes four digital signals from the NI 9215 DAQ
device and outputs a real time graph of the data passed through a noise filter for each signal.
The code also sums and normalizes these voltages to output Vx and Vy to their own noise-
filtered graphs, and exports these two signals to .lvm files, which can then be imported into
MATLAB as discussed above.
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